Introduction
The reactions of unsaturated substrates towards Fe-(CO),_,(CNR), (DAB) 12 * I (M = Fe, Ru; n = 0,l and 3) complexes (1) [31 have been studied intensively in our laboratories. The reactions (see Scheme 1) involve a 1,3-dipolar cycloaddition of the dipolarophile (an electron deficient alkyne) across the Fe-N=C fragment, leading finally to a E2.2.21 bicyclic complex (3) . Substitution of CO for the better cr-donating/poorer Scheme 1. Cycloaddition of Fe(CO),_,(CNR),(DAR) (n = 0, 1,3) (1) to DMADC. 0 1994 -Elsevier Sequoia. All rights reserved r-accepting isocyanide ligands [4] , resulting in an enhanced electron density on the complex, was found to lead to a greater 1,3-dipolar activity. This was reflected in the formation of pyrrolo [3,2&] pyrrole complexes (4) via a second cycloaddition of an alkyne across the Fe"-N=C unit in the initially formed ferra [2.2.1& cyclic intermediate 2 [3a,b] . Cycloaddition reactions also took place with less activated dipolarophiles such as alkenes [l] , resulting in the formation of analogous [2.2.2jbicyclic structures (3) .
In view of the high 1,3-dipolar reactivity of the Fe(CNR),(DAB) (1) complexes we were prompted to search for other possible dipolarophiles, a great variety of which is known from classical organic chemistry. Dipolarophiles containing heteroatoms were considered to hold particular potential for use in the synthesis of organic heterocycles. Following the observation that C-N multiple bonds in imines and isocyanides are unreactive towards Fe(CNR),(DAB) (1) [5*1, we decided to investigate cycloaddition reactions with (==s bonds.
We describe below the results of a study of the cycloaddition reaction of carbon disulfide, carbonyl sulfide and carbon dioxide across the Fe-N=C unit of Fe(2,6xylylNC),( i Pr-DAB) (5) . The single crystal X-ray structure of the Fe (2, ([2.2.2jbic) [2 * I (8) resulting from CS, cycloaddition and subsequent isocyanide insertion is described.
Experimental details

Material and apparatus
'H-and r3C-NMR sp ectra were obtained on Bruker AC 100 and AMX 300 spectrometers. IR spectra were obtained with a Perkin-Elmer 283 spectrophotometer. All solvents were dried and distilled under nitrogen prior to use. The experiments were performed under N, by use of standard Schlenk techniques. Column chromatography was carried out on silanized silica gel 60 (Merck, 70-230 mesh) dried and activated before use, [6*] . Elemental analyses were carried out by Dornis und Kolbe, Mikroanalytisches Laboratorium, Miilheim a.d. Ruhr, Germany. Fe(2,6xylylNC),('Pr-DAB) (5) was prepared by known procedures [3b,71. The 2,6-xylyl isocyanide (Fluka), CS, (Merck), COS (Union Carbide) and CO, (Hoekloos, The Netherlands) were obtained commercially and used without purification.
Synthesis of Fe (2,6qlylNC), ([2.2.2]bic) (8)
To a freshly-prepared solution of Fe(2,6-xylyl-NC),('Pr-DAB) (5) (1173 mg, 2 mmol) in 20 mI pentane at -20°C a solution of CS, (227 mg, 3 mm00 in 10 ml pentane was added during 45 min. The resulting yellow precipitate was washed three times with 20 ml cold pentane and dried in wcuo, to give the Fe (2, ([2.2.2] bic> (8) (8) . Concentration of the last fraction followed by cooling to -20°C gave crystals suitable for single crystal X-ray structure determination.
Elemental analysis [8]: FeC, , H, , N, S, , Observed: C, 68.66; H, 6.95; N, 10.58. Calculated: C, 67.82; H, 6.58; N, 10. A stream of the COS gas was led through a freshlyprepared solution of Fe (2, (5) (937 mg, 1.6 mmol) in 20 ml pentane at -20°C until nearly all of the red starting complex Fe (2,6- (3) 0.3386 (2) 0.28277 (14) 0.067905) 0.7655 (3) 0.3013508) 0.2013902) 0.0505(10) 0.6710 (9) 0.1426 (5) (9) 0.3089 (5) 0.0584(4) 0.048(4) 0.8069 (7) 0.0889 (5) 0.0328(4) 0.042(3) 1.0043 (8) 0.1619 (5) 0.2107(4) 0.044(3) 0.7149 (13) 0.0536 (8) 0.2648 (5) 0.085(6) 0.605504) 0.0110 (7) 0.1628 (7) O.lOl(7) 0.7ooo (10) 0.0634 (6) 0.1943 (5) 0.051(4) 0.5739(H) 0.1693 (7) 0.1941 (5) 0.046(4) 0.536800) 0.2477 (6) 0.1796(4) 0.043(4) 0.6251 (10) 0.2969 (7) 0.2219 (5) 0.0544) 0.4439 (10) 0.3169 (6) 0.0878 (5) 0.055(4) 0.3191 (12) 0.2847(U) O.o900 (7) 0.124 (8) 0.4568 (17) 0.3904 (8) 0.1189 (7) 0.125(8) 0.6345 (10) 0.2426 (6) 0.0793 (5) 0.040(4) 0.5418 (10) 0.2540 (7) -0.0265(4) 0.045(4) 0.4604 (10) 0.1962 (7) -0.0386 (5) 0.055(4) O/%57 (11) 0.1284 (7) O.oooo (6) 0.072(5) 0.379001) 0.2023 (9) -0.0918 (6) 0.074(5) 0.3760 (12) 0.2648 (10) -0.1280 (6) 0.080(6) 0.4581 (12) 0.3212 (8) -0.1164 (5) 0.012(9) 0.5437(H) 0.3170 (7) -0.0656 (5) O.Oll (7) 0.631702) 0.3786 (7) -0.0525 (6) 0.078(6) 0.8689 (10) 0.2691(6) 0.0871(4) 0.043(4) 1.0064 (11) 0.35347) 0.0296(6) 0.057(5) 1.0477 (12) 0.4195 (8) O&38 (7) 0.071 (6) (14) 0.3337 (10) -0.024X7) 0.082(7) 1.001 (2) 0.2664 (10) -0.0563 (7) 0.15102) 0.7963 (8) 0.1332 (5) 0.0715(4) 0.032(3) 0.8066 (9) 0.0315 (6) -0.0112(4) 0.038(4) 0.7621 (10) 0.0462 (7) -0.0730 (5) 0.057(5) 0.7247 (12) 0.1218 (8 (12) -0.0826 (8) -0.0958 (6) 0.072(6) O&87 (13) -0.0946 (7) -0.0367 (6) 0.070(6) 0.8511 (10) -0.0382(6) 0.0079 (5) 0.046(4) 0.9011 (11) -0.0504 (7) 0.0748 (5) 0.068(5) 0.9162 (10) 0.1755(6) 0.1796 (5) 0.043(4) 1.1163 (9) 0.1513 (7) 0.2438(4) 0.041(4) 1.1851 (10) 0.2133 (7) 0.2597(4) 0.049(4) 1.1409 (12) 0.2895 (8) 0.2428(6) 0.080(6) 1.2967 (10) 0.2021 (9) Crystal data and numerical details of the structure determination are given in Table 1 . Final atomic coordinates and equivalent isotropic thermal parameters are listed in Table 2 .
A red, rod shaped crystal was mounted in a Lindemann-glass capillary and transferred to an Enraf-Nonius CAD-4F diffractometer for data collection. Lattice parameters were determined by least-squares fitting of the SET4 setting angles of 25 reflections with 7.4" < 19 < 15.9". The unit-cell parameters were checked for the presence of higher lattice symmetry [9] . All data were collected with o/28 scan mode. Data were corrected for L, and for the observed linear decay ( < 4%) of the reference reflections during 151 h of X-ray exposure time. Absorption correction was applied using the DI-FABS procedure [lo] . Standard deviations of the intensities as obtained by counting statistics were increased according to an analysis of the excess variance of the reference reflections: ~~(1) = U;(I) + (0.0561j2 [ll] . The structure was solved by automated direct methods [12] . Refinement on F was carried out by full-matrix least-squares techniques [131. The hydrogen atoms were included ic the refinement on calculated positions (C-H = 0.98 A) riding on their carrier atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters; the hydrogen atoms were refined with two common isotropic thermal parameters, one for the methyl group of 'Pr fragments and the hydrogens of the 2,6xylylNC group containing N4 and one for the other hydrogen atoms. Weights were introduced in the final refinement cycles. Atomic scattering factors were taken from Cromer and Mann [14] ; anomalous-dispersion corrections from Cromer and Liberman [15] . Geometric calculations and illustrations were performed with PLATON 1161. Calculations were carried out on a DEC station 5000. Supplementary data have been deposited with the Cambridge Crystallographic Data Centre.
Results and discussion
The ligands and complexes employed in this article are shown in Scheme 2. Both carbon disulfide and (2) carbonyl sulfide react with Fe(2,6-xylylNC),('Pr-DAB) (5) to give bicyclic species, whereas carbon dioxide does not react. Addition of CS, across the Fe-N=C unit of 5, followed by an isocyanide insertion gives the [2.2.2]bicyclic complex (8) . The structure of 8 revealed by an X-ray study is discussed below. In the reaction (9) 173.600) 112.9 (10) 114.2(9) 118.3(8) 111.8(10) 118.5(8) 116.7(10) 117. 8(11) 120.9(12) 121. 3(10) 115.901) 121.1 (12) 119 (2) 119. 8(16) 177.9(8) 122.6(10) 120.7(10) 121. 5(12) 122. 3(10) 117.700) 117.9 (12) with COS, protonation of the amid0 lone pair resulted in stabilization and consequent isolation of a [2.2.ljbicyclic compound (9) .
Reactions with CS, were also carried out with Fe(CNR), (DAB) complexes containing aliphatic isocyanide. The products are different from the bicyclic species formed from the complexes containing the aromatic isocyanides, and their structure and properties are still under investigation. A difference between the behaviour of DAR-complexes containing aliphatic and aromatic isocyanide ligands has been encountered before [3a-cl.
Molecular structure of Fe(2,6-xylylNC),([2.2.2]bic) (8)
The bond lengths and angles for Fe (2, , ([2.2.2Jbic ) (8) 
Fe ( (9) A and 1.859(g) A respectively) than the bond Fe-C19 (1.806(10) A), owing to the presence of the good donor Nl atom in the truns position. As a result of the insertion, the former triple bond between Cl0 and N3 is replaced by a Gouble bond, reflected by the bond length of 1.28903) A. Furthermore the bond angle at N3 of 128.6(9)0 is indicative of sp* hybridisation.
The mean angles around C6 (120") indicate sp* hybridisation. The lengths of the formal single bond C6-S2 and the formal double bond C6-Sl are comparable (1.66202) and 1.649 (12) , respectively), indicating a large degree of delocalization in the Sl-C6-S2 unit. The lengths of both C-S bonds are intermediate between that of a double bond in the linear free CS, molecule (1.554 A) [17] and that of the single bond in (CH,),S (1.81 A) [18] . Comparable bond lengths have been found in the M(q*-CS,) complexes, and were accounted for in terms of delocalization in the CS, unit 1191.
The mean distances in the terminal jsocyanides $f the @N and N-C fragments are 1.171 A and 1.388 A, respectively, i.e. in keeping with a triple and a single bond, respectively. The angles at N4, N5, and N6 are 174.1(4), 172.8(g) and 173.6(H) respectively, i.e. close to linear. Such values are commonly encountered for terminally-coordinated isocyanide [4c,d,201.
Spectroscopic properties'
The spectroscopic data [21*] (iH-13C-NMR and IR) for the Fe (2, , ([2.2.2lbic) (8) and Fe (2, , ([2.2.ljbic) (9) are listed in Table 5 .
iH-NMR: complex 8 shows the familiar pattern for a bicyclo[2.2.2] complex, such as was observed for the analogous products 3 [1, 3] . After cycloaddition of CS, to the Fe-N=C fragment in Fe (2, ,('Pr-DAB) (5), the reacting imine carbon atom (C,) is sp3 hybridized, as this is reflected in an upfield shift of cu. 3 ppm of the signal from the former imine proton to 5.78 ppm. The proton of the intact imine function still resonates at low field (8:48 ppm) and is seen as a doublet. The diastereotopic i-propyl methyl groups give rise to a set of four doublets. As described for the bicycle [2.2.2] products of from reaction of 5 with other dipolarophiles [1,3a,b] , the 2,6-xylyl group of the inserted isocyanide in 8 cannot rotate freely around the bond to N3. This results in an inequivalence of the two sides of the aryl groups: the two methyl groups resonate at 1.90 and 1.92 ppm; the inequivalent metu protons give two doublets at 6.64 and 6.61 ppm; and the puru proton couples with both metu protons, resulting in a double doublet at 6.40 ppm. Because of the identical coupling constants c3J, = 8 Hz) the signal is seen as a triplet. The aromatic signals of the inserted isocyanide are slightly shifted upfield from those for the terminal isocyanides.
In the iH-NMR spectrum of the [2.2.l]bicyclo adduct of COS (91, the protons of the intact imine group and the rehybridised imine function give two doublets, at 8.26 and 5.69 ppm, respectively. The newly introduced proton at the amine nitrogen atom appears as a broad doublet at 7.47 ppm. The methyne proton of the isopropyl group is split into a rather broad double septet at 3.29 ppm, owing to coupling with the two methyl groups and the nitrogen proton. This coupling unequivocally indicates that the hydrogen is located on the nitrogen atom.
13C-NMR: the signal from the carbon atom (C6) of the CS, unit of the [2.2.2]bicyclic complex (8) is found at 250.1 ppm, within the 150 to 290 ppm range usual for CS,-containing complexes. The values at higher field are encountered in complexes in which the CS, fragment is part of a cyclic structure and bonded to the metal through either the carbon or the sulphur atom [22] . The values at lower field are typical for 77*-CS, complexes [23] . The cycloaddition of CS, to the imine fragment results in a change of hybridization for C5 from sp* to sp3, leading to a shift in the signal upfield to 77.3 ppm. Carbon C4 of the remaining imine unit resonates at 168.0 ppm. The signal from carbon Cl0 of the inserted isocyanide molecule appears at 187.0 ppm. The rotational rigidity of the 2,6-xylyl group of the inserted isocyanide is reflected by the appearance of two signals for the methyl groups (C13, ClS>, at 19.3 and 19.1 ppm. The three terminal carbon nuclei (C19, C28, C37) of the terminal isocyanides give rise to three signals near 175 ppm. The three pairs of methyl groups appear give a set of three signals around 19.0 ppm; this indicates that the three terminal isocyanide ligands can rotate freely, but do not scramble on the NMR time scale.
The central carbon atom of the COS fragment in the [2.2.l]bicyclic complex 9 resonates at 245.5 ppm. 'The 13C-NMR spectra of 8 and 9 are very similar. The most salient feature in the spectrum of 9 is the absence of the signals belonging to an inserted isocyanide. The terminal carbon atoms of the three isocyanide ligands appear as three separate signals around 170 ppm. The six methyl groups give three distinct signals, indicating that also in this case the three terminal isocyanides do not undergo interchange on the NMR time scale.
IR: the IR spectra of both complexes show two intense C%N stretching bands. Although the structures CS, and COS have been used, only the C=S bond reacted [301. In order to establish which bond has reacted, more research, especially a solid state structure determination of complex 9, is required.
The presence of moisture, in the COS-gas or the solvents, results in a protonation of the amido lone pair. Consequently the route to an isocyanide insertion via a nucleophilic attack by the amido lone pair becomes blocked, and the [2.2.llbicyclic complex 9 is isolated. Protonation of the amido nitrogen and consequently stabilization of the [2.2.llbicyclic structure has been observed in comparable reactions of M(CO),-(DAB) (M = Fe, Ru) and Mn(CO),(DAB) radicals with alkynes [3c,e,j], and allowed isolation of the [2.2.l]bicyclic complexes and their characterization by crystal structure determinations.
In view of their similar structures, the two [2.2.l]bicyclic intermediates formed from CS, and COS respectively are expected to exhibit comparable reactivities. Consequently the difference in the course of the reaction, CS, forming a [2.2.2lbicyclic complex and COS a [2.2.l]bicyclic product, must be the result of an external factor, namely the presence of a protonating agent. This is confirmed by the observation that in the reaction with CS, also, the corresponding bicyclo[2.2.llcationic complex 10 is isolated when water or HBF, is added to the reaction mixture [31*1.
